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Studies on plasma dissociation of Indian zircon
in a specially developed plasma reactor

U. SYAMAPRASAD, S. BHATTACHARJEE, R. K. GALGALI, B. K. MOHAPATRA,
B.C. MOHANTY
Regional Research Laboratory, Bhubaneswar 751 013, Orissa, India

Studies on the preparative and microstructural aspects of plasma-dissociated Indian zircon
prepared in a specially designed plasma reactor (20 kW) are reported. The vital parameters
involved in the process have been optimized for a high degree of dissociation with maximum
feed rate. A near total phase separation (ZrO, and SiO,) has been achieved in the plasma-
dissociated zircon spheroids which constitute over 90% of the product. Microstructural studies
have revealed that the spheroids are of two types with a distinct difference in the morphology

of zirconia crystallites. Most of the spheroids have been found to have well-developed
polygonal grains with spherulitic growth of ZrO, in SiO, glass. The rest of the spheroids
consist of intergrown tabular crystals of monoclinic zirconia set in a matrix of silica. The silica
present in the plasma-dissociated zircon has been amorphous and highly reactive, and is
leached out using hot NaOH solution to recover fine grain zirconia.

1. Introduction

The unique properties of plasma-dissociated zircon
(PDZ) have been studied by several researchers ever
since its first successful preparation [1]. The increas-
ing interest in PDZ is mainly due to its industrial
potential as a convenient raw material for the pre-
paration of zirconia and zirconia-based multiphase
ceramics, besides its direct use as a good refractory
and colour-making material. Several studies on the
composition and microstructure [2-6] and the appli-
cations of PDZ [7-11] are available in the literature.
However, very little has been reported on its pre-
parative aspects and the plasma system in which it is
prepared. Results are presented here of a study of the
plasma dissociation of Indian zircon conducted in a
simple and inexpensive plasma reactor developed by
the authors for inflight processing of refractory
powders.

2. Experimental procedure

2.1. The plasma reactor

A schematic sketch of the plasma reactor (20 kW) used
for zircon dissociation studies is shown in Fig. 1. Ttis a
non-transferred arc plasma reactor employing the
principle of an extended arc [12, 13] and uses graphite
electrodes. A water-cooled stainless steel chamber
{height 50 cm and diameter 32 cm) with a conical
bottom was used as the reactor vessel. The electrodes
were arranged vertically inside the vessel as shown in
Fig. 1. The top electrode (cathode) having a larger
diameter (35-40 mm) than the bottom one (anode
25-30 mm), was provided with an axial hole
(5-12 mm) to introduce both the plasmagen gas and
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the particle feed. A rack and pinion mechanism was
incorporated to provide an axial motion of the top
electrode for arc stabilization. A powder feeder suit-
able for the system with proper control over feed rate
was designed, fabricated and fixed to the top end of
the cathode. The plasmagen gas (argon) was intro-
duced through a side hole provided in the “tail” of the
powder feeder at an angle 45° to the vertical axis. A
split pan was fixed to the bottom electrode just below
the opening in the reactor vessel to collect the disso-
ciated particles.

2.2. The feed stock

Indian zircon (MK Grade) containing 65.60% (ZrO,
+ HfO,), 31.10% SiO,, 0.60% TiO, and 0.08%
Fe,0, was used for the present studies. The particle
size distribution of the raw material is given in Table L.
The morphology of the zircon particles is shown in
Fig. 2. The zircon was initially screened and particles
with sizes ranging from 105-250 um were used as the
feed stock.

2.3. Plasma dissociation

The reactor was connected to a 150V d.c. power
source and the arc was initiated using argon as
plasmagen gas. After obtaining a stable arc, zircon was
fed into the reactor at controlled rates. The product
was collected in a split pan provided at the bottom.
Dissociation studies were conducted by changing vari-
ous parameters: Argon flow rate 2-10 Imin~?; current
100—400 A; top electrode diameter 25-40 mm; axial
hole diameter in the top electrode 5-12 mm; and
zircon feed rate 1-10 kgh 1.
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Figure 1 Schematic sketch of the plasma reactor (20 kW, d.c.) used
for zircon dissociation studies. 1, Reactor vessel; 2, cathode;
3, anode; 4, axial hole in cathode; 5, powder feeder, 6, feed control
screw; 7, feeder tail; 7A, axial hole; 8, gas inlet; 9, split pan; 10, feeder
powder; 11, processed powder; 12, electrical insulation; 13, positive
power terminal; 14, negative power terminal; 15, rack and pinion
assembly; 16, exhaust; 17, water inlets; 18, water outlets.

TABLE 1 Particle size distribution of Indian zircon (MK grade)

Sieve size (wt %)
(nm)

+ 355 0.50
— 355 +250 16.06
— 250 + 150 56.68
— 150 4105 25.52
- 105 +90 0.29
- 90 0.06

2.4, Characterization of PDZ

The product collected from the reactor contained
some graphite particles. These were removed by flo-
tation technique using pine oil in water medium. The
degree of dissociation was estimated by determining
the weight loss of the sample product after leaching
out both SiO, and ZrO, in warm HF (undissociated
zircon does not dissolve in HF). The undissociated

Figure 2 Morphology of Indian zircon particles (sizes 105-205 um).

grains from the reactor product were removed by
employing a tabling technique. The phases present in
the feed stock and the product were identified by an
automated X-ray diffractometer (Philips ADP 1700)
using CuK, radiation. The microstructural examin-
ations were conducted using an optical microscope
and scanning electron microscope (Jeol 35 CF).

3. Results and discussion

3.1. Performance of the plasma reactor

The performance of the reactor was found to be
excellent with respect to arc stability, particle flow-
ability and effective injection of particles into the hot
zone of the plasma. The arc stability was greatly
increased with a remarkable reduction of noise when
the feed material was introduced. Because the particles
are fed along the axis of the electrode, most of them
follow a trajectory close to the hottest zone in the
plasma, thereby easily attaining the required high
temperature. The dissociated droplets then undergo a
very rapid cooling while they leave the plasma zone
and thus prevent possible reassociation of the pro-
ducts of dissociation. This is evident from the fact that
above 90% of the zircon feed could be dissociated in a
single pass through the reactor.

3.2. Optimization of process parameters

The performance of the reactor and the quality of the
dissociated zircon were found to depend greatly on the
process parameters, namely the arc current, argon
flow rate, diameters of the cathode and anode and
axial hole diameter of the cathode. A number of
experiments were conducted to optimize these para-
meters for obtaining a high degree of dissociation with
maximum zircon feed rate, keeping the power level
within 20 kW. For higher arc currents (200-400 A), it
became necessary to use a higher diameter cathode
(35-40 mm) to avoid excessive heating of the nozzle
tip. The diameter of the bottom electrode (anode) was
kept smaller (25-30 mm) to prevent any possible accu-
mulation of fused zircon particles over its surface. It
was found that very low argon flow rates of
2-3 1min~*! were sufficient to stabilize and expand the
arc to several times its normal length when a cathode
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hole diameter of 5 mm was used. Although the quality
of PDZ prepared under this condition was excellent,
the feed rate of zircon could not be increased beyond
2.5kgh™ . Higher feed rates under this condition
resulted in some fused agglomerates together with the
dissociated spheroids. This may be attributed to an
increased collision rate of the molten particles near the
cathode tip because of the decreased interparticle
distance. On the other hand, when the diameter of the
cathode hole was increased beyond 10 mm with a
corresponding increase in the argon flow rate, a
marked reduction in the degree of dissociation was
observed due to the lack of sufficient temperature. The
highest zircon feed rate of 4-5kgh ™! at about 20 kW
power was achieved with a degree of dissociation of
91%. The optimum range of parameters for 20 kW
power are: cathode diameter 35-40 mm, cathode hole
diameter 8-10 mm, operating voltage 55-65V, cur-
rent 300-350 A and argon flow rate 101 min~ 1.

3.3. Characterization of PDZ

Thermal dissociation of zircon (ZrSi0,) occurs be*
cause the free energy of formation of this compound
from the component oxides reaches zero at about
1600 °C [14]. The generally accepted phase diagram of
the ZrO,-Si0O, system [15] shows that the dissoci-
ation of ZrSiO, into ZrO, and SiO, occurs at
1676 °C. In plasma, most of the feed stock undergoes
total melting and this occurs above 2700°C as in the
phase diagram. A near total phase separation is pos-
sible because of the ultrafast quenching and the high
difference in the melting points of the component
oxides {about 1000 °C). Fig. 3a and b show the X-ray
diffraction (XRD) patterns of Indian zircon and the
dissociated zircon, respectively. The disappearance of
tetragonal ZrSiQ, peaks and the presence of mono-
clinic ZrO, peaks in Fig. 3b confirm the dissociation.
The absence of any SiO, peaks indicate the amorph-
ous nature of the SiO, phase.

A photomicrograph of typical dissociated zircon
spheroids is shown in Fig. 4. The degree of dissoci-
ation (expressed as 100 wt% zircon in PDZ) at a feed
rate of 4-5 kg h™!, was found to be 91%. The spher-
oids were coarser than that of the feed stock and
showed a lower specific gravity. The specific gravity
values of the feed stock and spheroids were 4.6 and
3.8 gcm ™3, respectively. This is due to the porous
nature of the spheroids and the presence of blow holes,
as revealed by the scanning electron micrograph (de-
scribed in the following section). An easy separation of
the spheroids from the undissociated zircon particles
was possible because of the lower specific gravity
value and the spheroidal shape. The spheroids free
from graphite and undissociated zircon were treated
with NaOH solution of different concentrations and
temperatures to study the chemical activity of free
SiO, present in the spheroids. It was possible to leach
out SiO, with 50% NaOH solution around 140°C to
recover zirconia, high-valued product. The zirconia
thus obtained was monoclinic with an average particle
size of about 0.2 pm.
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Figure 3 XRD patterns of (a) Indian zircon and (b) plasma-
dissociated Indian zircon. (@) ZrSiO,, (O) ZrO,.

Figure 4 Photomicrograph of plasma-dissociated zircon (sizes
105-250 pm).

Scanning electron microscopic examination of PDZ
spheroids, cracked PDZ spheroids and partially
leached PDZ spheroids revealed that the spheroids
were of two types with distinct difference in their
microstructures. The surface of the majority of the
spheroids (Type I) had well-developed polygonal



Figure 5 SEM microstructure of the surface of plasma-dissociated
zircon spheroid (Type I) showing well-developed polygonal grains.
Here zirconia has a spherulitic growth (white) in silica matrix (dark).

grains with 120° triple junctions (Fig. 5). In these
spheroids monoclinic zirconia showed a spherulitic
growth in the SiO, matrix. The mean diameter of the
ZrQO, crystallites is about 0.1 um. SEM examination
of the blow holes in the cracked Type I spheroids also
revealed that a similar two-phase microstructure was
present in the bulk of the spheroids. The other type of
spheroid (Type II) consisted of intergrown tabular
crystals of monoclinic ZrO, grown in a matrix of
SiO,. This has been observed in a few of the spheroids
partially leached in hot NaOH solution (50%). A clear
distinction between the two types of spheroids is
displayed in Fig. 6 in which ZrO, crystals are clearly
visible on the surface of Type II spheroids. In Fig. 7,
growth of tabular crystals of monoclinic ZrQO, (length
10-20 pm) is shown. The porous nature of the spher-

Figure 6 Partially leached plasma-dissociated zircon spheroids
showing the distinction between Type I(A) and Type II (B).

Figure 7 Tabular growth of monoclinic zirconia crystals on the
surface of a partially leached Type II spheroids.

Figure 8 A partially leached plasma-dissociated zircon spheroid
revealing the porosity and blow holes.

Figure 9 A well-developed monoclinic zirconia crystal observed in
a Type II spheroid.

oids and the presence of blow holes are shown in Fig.
8. An enlarged view of a monoclinic ZrO, crystal
observed in a partially leached Type II spheroid is
shown in Fig. 9.

The formation of two kinds of spheroid with differ-
ent microstructures can be correlated to the thermal
history of the solidifying droplets which depend on the
particle size and the trajectory followed by the par-
ticles in the plasma [5]. The size of the ZrO, crystal-
lites observed in the Type 1 spheroids is much smaller
than the crystals present in the Type II spheroids. This
indicates that the spheroids of Type I which constitute
the bulk of the furnace product have attained a higher
temperature and have undergone a faster quenching
rate than those of the Type II.

4. Conclusions

1. Studies on plasma dissociation of Indian zircon
have been successfully conducted in a speciailly de-
veloped laboratory model plasma reactor (20 kW d.c.).

2. The important parameters involved in the pro-
cess have been optimized to achieve a degree of dis-
sociation of 91% with a feed rate of 4-5kgh™! at
about 20 kW power.

3. The reactor is simple, inexpensive and its per-
formance has been excellent with respect to arc stabi-
lity, particle flowability and heat affection. Besides
mineral dissociation it is useful for spheroidization,
structural modification and synthesis of refractory
powders and in-flight reduction of ore fines.

1765



4. Microstructural studies on the dissociated
spheroids have revealed that most of them have well-
developed polygonal grains with spherulitic growth of
ZrO, crystallites with a mean diameter of about
0.1 pm in a matrix of SiO,. The rest of the spheroids
contain intergrown tabular crystals of monoclinic
ZrO, with length varying from 10-20 um.

5. It was possible to leach out SiO, present in the
plasma-dissociated zircon using hot NaOH solution
to recover zirconia.
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